Oocyte-expressed genes regulate key aspects of ovarian follicular development and early embryogenesis. We previously demonstrated a requirement of the oocyte-specific protein JY-1 for bovine early embryogenesis. Given that JY-1 is present in oocytes throughout folliculogenesis, and oocyte-derived JY-1 mRNA is temporally regulated postfertilization, we hypothesized that JY-1 levels in oocytes impact nuclear maturation and subsequent early embryogenesis. A novel model system, whereby JY-1 small interfering RNA was microinjected into cumulus-enclosed germinal vesicle-stage oocytes and meiotic arrest maintained for 48 h prior to in vitro maturation (IVM), was validated and used to determine the effect of reduced oocyte JY-1 expression on nuclear maturation, cumulus expansion, and embryonic development after in vitro fertilization. Depletion of JY-1 protein during IVM effectively reduced cumulus expansion, percentage of oocytes progressing to metaphase II, proportion of embryos that cleaved early, total cleavage rates and development to 8-to 16-cell stage, and totally blocked development to the blastocyst stage relative to controls. Supplementation with JY-1 protein during oocyte culture rescued effects of JY-1 depletion on meiotic maturation, cumulus expansion, and early cleavage, but did not rescue development to 8-to 16-cell and blastocyst stages. However, effects of JY-1 depletion postfertilization on development to 8-to 16-cell and blastocyst stages were rescued by JY-1 supplementation during embryo culture. In conclusion, these results support an important functional role for oocyte-derived JY-1 protein during meiotic maturation in promoting progression to metaphase II, cumulus expansion, and subsequent embryonic development.
INTRODUCTION
Proper oocyte maturation is a prerequisite for successful early embryonic development [1, 2] . Oocyte maturation is commonly referred to in two distinct phases: 1) cytoplasmic maturation, wherein the oocyte acquires the mRNAs and proteins necessary to foster nuclear maturation and subsequent embryonic development, and 2) nuclear maturation encompassing the first meiotic division and arrest of the oocyte at metaphase of the second meiotic division [3] [4] [5] . Given the minimal transcriptional activity characteristic of mature oocytes and early embryos prior to embryonic genome activation, maternal factors play a prominent active regulatory role in facilitating meiotic maturation, cumulus expansion, fertilization, and the initial cleavage divisions [6] [7] [8] . However, the specific maternal (oocyte-derived factors) that promote nuclear maturation and early embryogenesis remain poorly described, especially in domestic animals, including cattle.
We have previously performed analysis of expressed sequence tags (ESTs) from a bovine oocyte cDNA library to identify novel oocyte-specific genes [9] . Of interest, several ESTs were identified encoding a novel oocyte-expressed transcript: JY-1. Subsequent studies demonstrated that JY-1 mRNA and protein are ovary specific, detected throughout follicular development, and restricted exclusively to the oocyte [10] . Studies also suggest an important paracrine and autocrine regulatory role for JY-1. Recombinant JY-1 protein (rJY-1) is biologically active, and JY-1 plus FSH treatment decreases granulosa cell numbers and estradiol production, but stimulates progesterone production [10] . Abundance of JY-1 mRNA is temporally regulated during embryogenesis in a similar fashion to other maternal-effect genes, and JY-1 is not transcribed in early embryos [10] . Functional assays revealed that injection of JY-1 small interfering RNA (siRNA) into zygotes inhibits blastocyst formation with most JY-1-depleted embryos arrested prior to the 8-to 16-cell stage, suggesting a requirement of JY-1 for early embryogenesis [10] . Recently, analysis of linkage disequilibrium also shows that multiple SNPs within the JY-1 gene are associated with reproductive traits, such as the occurrence of early pregnancy in cattle [11, 12] . However, the functional requirement of JY-1 for critical developmental events prior to fertilization has not been determined.
Given that JY-1 mRNA and protein are present in oocytes from the primordial through preovulatory stages of follicular development, and oocyte-derived JY-1 mRNA is temporally regulated during initial cleavage divisions postfertilization [10] , we hypothesized that JY-1 also plays a functional role in meiotic maturation and/or the initial cleavage divisions following fertilization in vitro. Thus, the objective of the present studies was to determine the functional role of JY-1 in regulation of meiotic maturation, cumulus expansion, and subsequent embryonic development after in vitro fertilization (IVF).
MATERIALS AND METHODS

Materials
All chemicals and reagents used were obtained from Sigma-Aldrich (St. Louis, MO) unless stated otherwise.
In Vitro Maturation, Fertilization, and Embryo Culture
In vitro maturation (IVM), IVF, and embryo culture (IVC) were performed as reported previously with modifications [8] . Briefly, cumulus-oocyte complexes (COCs) that have more than three layers of cumulus cells were collected from bovine ovaries that were obtained from a local slaughterhouse. COCs were cultured in four-well dishes (NUNC) containing maturation medium (Medium-199, 10% FBS; Gibco-BRL, Grand Island, NY), 1 IU/ml FSH, 5 IU/ml LH, and 1 lg/ml estradiol-17b. To arrest meiotic maturation and allow sufficient time for JY-1 knockdown to occur, COCs were initially incubated for 48 h in maturation medium supplemented with 50 lM Sroscovitine (Calbiochem, La Jolla, CA) as reported previously [13] . Subsequently, COCs were washed several times with fresh maturation medium and incubated for 24 h in maturation medium minus S-roscovitine at 38.58C under 5% CO 2 in humidified air. This 72-h interval is hereafter referred to as the oocyte culture period to describe the window of meiotic maturation and prior 48-h preincubation with S-roscovitine used to facilitate JY-1 knockdown. Preliminary experiments verified efficacy of 48-h treatment with 50 lM Sroscovitine in inhibiting germinal vesicle (GV) breakdown relative to control oocytes cultured in the absence of S-roscovitine (n ¼ 10 oocytes/treatment; n ¼ 6 replicates). Matured COCs (50 COCs/well) were fertilized with spermatozoa purified from frozen-thawed semen by Percoll gradient. After 20 h at 38.58C under 5% CO 2 in humidified air, putative zygotes were stripped of cumulus cells by vortexing for 5 min and placed in potassium simplex optimization medium (KSOM; Specialty Media, Phillipsburg, NJ) supplemented with 0.3% BSA. Presumptive zygotes were cultured at 38.58C under 5% CO 2 in humidified air. At 72 h postinsemination (hpi), 8-to 16-cell embryos were removed, washed, and incubated in fresh KSOM with 0.3% BSA and 10% fetal bovine serum until Day 7.
Microinjection of siRNA into Cumulus-Enclosed Bovine Oocytes and Validation of Oocyte JY-1 Knockdown Previously validated [10] JY-1 siRNA cocktail (species 1 and 2, 25-lM concentration) was microinjected into cumulus-enclosed GV-stage oocytes using an inverted Nikon microscope (Mager Scientific, Dexter, MI) equipped with a micromanipulator system (Narishige International, Long Island, NY). Control oocytes were uninjected, injected with similar volume of water, or injected with 25 lM negative control siRNA (nonspecific; Ambion universal control no. 1). Validation of JY-1 knockdown specificity using this negative control siRNA was reported previously [10] . After injection, all oocytes were cultured in the presence of 50 lM S-roscovitine for 48 h and then subjected to meiotic maturation as described above. Efficiency of COC microinjection was validated in preliminary studies by microinjection of Texas red dye coupled to dextran and examination using fluorescent microscopy. Efficiency of JY-1 siRNA in ablation of JY-1 mRNA and protein was determined by real-time PCR (n ¼ 6 pools of 10 oocytes per treatment) and Western blot analysis (n ¼ 50 oocytes per treatment; n ¼ 3 replicates) of denuded oocytes collected 72 h after siRNA microinjection.
Effect of Oocyte JY-1 Ablation on Nuclear Maturation and Cumulus Expansion
Microinjection of JY-1 siRNA and controls were performed as described above (n ¼ 30 oocytes injected per treatment; n ¼ 6 replicates). At the end of oocyte maturation, COCs were classified into one of three categories based on degree of cumulus expansion (nonexpanded, partially expanded, and fully expanded). Subsequently, oocytes were stripped of surrounding cumulus cells and treated with 4 lg/ml Hoechst 33342 dye for 20 min. Denuded oocytes were washed, placed on a microscope slide, and covered lightly with a cover glass. Meiotic phase (metaphase I, anaphase I, telophase I and metaphase II) of each oocyte was determined under a fluorescent microscope (Mager Scientific).
Effect of Oocyte JY-1 Ablation on Subsequent Embryonic Development
JY-1 siRNA-injected and control COCs were subjected to IVM, IVF, and IVC as described above (n ¼ 20 oocytes/treatment; n ¼ 6 replicates). Effects of oocyte JY-1 ablation on early cleavage, total cleavage rates, and development to 8-to 16-cell and blastocyst stages were determined at 30 h, 48 h, 72 h, and 7 days postinsemination, respectively.
Effect of JY-1 Ablation Pre-versus Postfertilization and rJY-1 Protein Replacement
To determine if effects of oocyte JY-1 ablation can be reversed following replacement with rJY-1 protein, cumulus-enclosed GV-stage oocytes were microinjected as described above with JY-1 siRNA, universal negative control siRNA, or served as uninjected controls. JY-1 siRNA-injected oocytes were cultured for 72 h as described above (48 h culture in 50 lM S-roscovitine followed by IVM) in the presence of increasing concentrations of rJY-1 protein (0, 0.1, 0.5, 1, or 10 ng/ml). Effects of treatment on progression to metaphase II were then determined as described above (n ¼ 10 oocytes/treatment; n ¼ 6 replicates) and the optimal dose for rJY-1 replacement determined. Additional cumulus-enclosed JY-1 siRNA-injected, universal negative control siRNAinjected, and uninjected oocytes were subjected to 72-h oocyte culture in the presence or absence of 1 ng/ml rJY-1 protein followed by IVF and IVC in the absence of rJY-1, and effects of treatments on early cleavage, total cleavage rates, development to 8-to 16-cell and blastocyst stages were determined (n ¼ 20 oocytes/treatment; n ¼ 5 replicates). For JY-1 ablation postfertilization, presumptive zygotes (16-18 hpi) were microinjected with JY-1 siRNA, universal negative control siRNA, or used as uninjected controls (n ¼ 25-30 embryos per replicate; n ¼ 4 replicates) as described previously [10] , and JY-1 siRNA-injected embryos cultured in the presence or absence of rJY-1 protein (1 ng/ml) for 72 h and then in the absence of rJY-1 protein until 7-days postinsemination. Effects of treatments on development to 8-to 16-cell and blastocyst stages were determined as described above.
Real-Time PCR
Total RNA isolation, cDNA synthesis, and real-time PCR were performed as described previously [8] . The primer sequences used were reported before [10] . Relative amount of JY-1 mRNA was calculated using the formula 2
ÀDDCT . JY-1 mRNA abundance was normalized to endogenous control (RPS18).
Statistical Analysis
Data were analyzed using one-way ANOVA. All percentage data were subjected to arc-sin transformation before analysis. Differences in treatment means were compared by using the Tukey HSD test.
RESULTS
Efficient Depletion of JY-1 by Microinjection of siRNA into Immature Oocytes
Microinjection of siRNA designed against specific transcripts has been widely used as a robust approach to silence genes of interest in oocytes/early embryos [7, 10, 14, 15] . To test the effect of depletion of JY-1 in cumulus-enclosed oocytes on oocyte maturation and subsequent early embryonic development following IVF, we first established procedures for siRNA-mediated ablation of gene expression in bovine oocytes using JY-1 siRNA that was previously validated for specificity and efficacy of JY-1 ablation in bovine early embryos [10] . In order to allow efficient siRNA-mediated reduction of JY-1 mRNA and protein, siRNA-injected oocytes were pharmacologically arrested at GV stage for 48 h prior to initiation of IVM. Culture of oocytes for 48 h in the presence of S-roscovitine resulted in maintenance of GV arrest in 92% of oocytes relative to control (untreated oocytes), which all underwent spontaneous GV breakdown. As depicted in Figure  1A , microinjection of JY-1 siRNA greatly reduced endogenous JY-1 mRNA abundance, by .98% in bovine oocytes collected at 72 h postinjection relative to uninjected and sham-injected oocytes (P , 0.01). Furthermore, JY-1 protein was decreased by ;48 % in JY-1 siRNA-injected oocytes compared with controls (P , 0.05; Fig. 1, B and C) . LEE ET AL.
JY-1 Deficiency Compromised Maturation of Bovine COCs and Inhibited Subsequent Early Embryonic Development
To pinpoint the functional role of maternal JY-1 in oocyte maturation, effects of oocyte JY-1 ablation on meiotic maturation and cumulus expansion were examined. Microinjection of JY-1 siRNA reduced the proportion of oocytes progressing to metaphase II stage compared to uninjected and sham-injected oocytes (P , 0.05; Fig. 2 ). In contrast, further analysis of the nuclear stage of JY-1 siRNA-injected and control oocytes showed that increased numbers of JY-1 siRNA oocytes were arrested between metaphase I and telophase I stages (Fig. 2) . JY-1 siRNA injection also greatly decreased the percentage of oocytes with a fully expanded cumulus layer after 24-h IVM compared with uninjected and sham-injected oocytes (P , 0.05; Fig. 3 ).
It is well established that oocyte maturation is critical for subsequent embryonic development after fertilization. However, progression to metaphase II stage was not totally blocked for JY-1 siRNA-injected embryos. Therefore, we hypothesized that JY-1 deficiency in bovine oocytes also retards early embryonic development after IVF. Thus, JY-1 siRNA-injected and control oocytes were fertilized with bovine sperm and early cleavage, total cleavage, as well as blastocyst formation examined. After fertilization, a pronounced decrease in the percentage of embryos that cleaved early (within 30 hpi) was noted for JY-1 siRNA-injected groups relative to uninjected and sham control oocytes (P , 0.05; Table 1 ). Similarly, total cleavage rate (48 hpi) was also dramatically reduced in response to JY-1 siRNA injection compared with noninjection and sham injection (P , 0.05; Table 1 ). In addition, JY-1 knockdown decreased the proportion of embryos developing to the 8-to 16-cell stage (72 hpi) and blastocyst stage (Day 7) relative to uninjected and sham control groups (P , 0.05; Table 1 ). A decrease was also noted when rates of development to 8-to 16-cell and blastocyst stages were calculated as a proportion of cleaved embryos (P , 0.05; Table 1 ). 
JY-1 REGULATION OF OOCYTE COMPETENCE
Evidence Supporting the Specificity of Effects of JY-1 siRNA on Oocyte Maturation and Developmental Competence
To further ensure the specificity of JY-1 siRNA in preventing oocyte maturation and early embryonic development after fertilization, JY-1 siRNA-injected oocytes were treated with increasing concentrations of exogenous rJY-1 protein during 72-h oocyte culture prior to IVF. A doseresponsive beneficial effect of rJY-1 on the proportion of oocytes progressing to metaphase II stage was noted for JY-1 siRNA-injected oocytes. The proportion of JY-1 siRNAinjected oocytes progressing to metaphase II was rescued to levels comparable with both controls when exposed to 0.5-1.0 ng/ml rJY-1 protein (Fig. 4A) . Therefore, 1 ng/ml was used in subsequent experiments to determine effects of rJY-1 replacement on development of embryos produced from JY-1-deficient oocytes. As illustrated in Figure 4 , B-D, exposure to rJY-1 protein during oocyte culture totally rescued rates of early cleavage and total cleavage, and partially rescued development to 8-to 16-cell stage following IVF for JY-1 siRNA-injected oocytes when compared to uninjected and negative control siRNA-injected embryos. However, rJY-1 supplementation of JY-1 siRNA-injected oocytes during oocyte culture did not rescue development to blastocyst stage following IVF. In contrast, supplementation of JY-1 siRNAinjected zygotes with rJY-1 protein during the first 72 h of IVC totally rescued negative effects of JY-1 depletion postfertilization on development to 8-to 16-cell and blastocyst stages (Fig.  5, A and B) .
DISCUSSION
In the present studies, we demonstrate, for the first time, that oocyte-expressed JY-1 is required for nuclear maturation and cumulus expansion, with implications for subsequent embryonic development. In previous studies, we characterized the functional role of JY-1 in early embryogenesis by microinjecting JY-1 siRNA into presumptive zygotes, which can efficiently silence maternal JY-1 mRNA. Such studies clearly demonstrated a functional role for oocyte-derived JY-1 postfertilization in promoting early embryogenesis [10] . However, the specific regulatory role of maternal JY-1 in oocyte maturation and cumulus expansion was previously unclear given the timing of JY-1 depletion. A number of oocyte-expressed genes that are essential for follicular development, oocyte maturation, or early embryonic development have been identified in mice, especially through gene targeting studies [16] [17] [18] [19] [20] . However, to our knowledge, a functional requirement role for a single oocyte-expressed gene in promoting meiotic maturation and cumulus expansion prefertilization, coupled with an additional requirement of the same gene postfertilization for normal early embryogenesis, has not been demonstrated previously.
Demonstration of a functional role for JY-1 prefertilization was dependent upon establishment of a viable model system capable of supporting JY-1 ablation prior to initiation of oocyte maturation. Previous studies demonstrated that culture of bovine oocytes in the presence of 50 lM S-roscovitine for 48 h can maintain an intact GV in over 95% of oocytes [13] . Thus, to specifically knock down maternal JY-1 mRNA and protein, we established a novel RNAi system in bovine oocytes via microinjection of JY-1 siRNA into cumulus-enclosed GVstage oocytes followed by meiotic arrest for 48 h (to allow siRNA-mediated reduction of mRNA and accompanying reduction/lack of translation of JY-1 protein from mRNA stores) before IVM. Maintenance of the cumulus layer after microinjection is critical to success of functional studies given that cumulus cells are needed for optimal IVF [21] and embryo development [22] in cattle. Our results demonstrate that this strategy can efficiently maintain meiotic arrest and attain effective ablation of endogenous JY-1 mRNA and protein by 72 h of oocyte culture. Such an approach should be of further utility to investigating the functional role of additional oocyteexpressed genes in meiotic maturation, cumulus expansion, and subsequent early embryogenesis.
Results of the present studies suggest that oocyte-expressed JY-1 is required for at least two important aspects of oocyte maturation: nuclear maturation and cumulus expansion. It is well documented that nuclear/meiotic maturation is required for normal development, including fertilization and early embryogenesis [23] [24] [25] . Cumulus expansion is essential for normal ovulation and fertilization [3, 26] . Both are triggered by the LH surge in vivo and induced by the presence of FSH or EGF in maturation medium in vitro [27] . Oocyte-secreted factors play an active role in regulating the process of cumulus expansion [28] . It is currently unclear whether maturation-and cumulus expansion-promoting effects of JY-1 are mediated directly or indirectly via regulation of intrafollicular paracrine/ autocrine signaling networks, which are potentially linked to LH-induced meiotic maturation and cumulus expansion in vivo [29, 30] .
Based on results of current studies and previous results [10] , we propose that JY-1 functions as an important paracrine and autocrine regulator of key aspects of follicular development and early embryogenesis in cattle. The ability of JY-1 protein to influence granulosa cell steroidogenesis when added to culture media has been described previously [10] . Furthermore, the predicted amino acid sequence of JY-1 contains a putative signal peptide [10] , suggesting that the JY-1 protein is secreted from the oocyte. We also showed in the current studies that the observed effects of oocyte JY-1 depletion on cumulus expansion and meiotic maturation, and of zygote JY-1 depletion on embryonic development, can be rescued by addition of rJY-1 protein during oocyte and IVC, respectively. Hence, the results suggest that JY-1 is secreted and acts in a paracrine and autocrine fashion to regulate oocyte maturation, cumulus expansion, and early embryonic development in vitro. Whether such effects of JY-1 are receptor mediated, and the identification of potential signaling pathways involved, will require further investigation.
A number of studies in humans have suggested that early cleavage rate is a reliable predictor of early embryonic developmental competence [31, 32] . Our previous studies also indicate that early-cleaving bovine embryos have a greater capability to develop to blastocyst stage than late-cleaving counterparts [33, 34] . In the current studies, the rates of early cleavage and total cleavage were also reduced following IVF of JY-1-depleted oocytes. However, approximately 40% of JY-1-depleted oocytes were successfully fertilized and underwent the In summary, the present studies strongly support a functional role of oocyte-expressed JY-1 in meiotic maturation and cumulus expansion, and further support a role for JY-1 in promoting embryonic development to the blastocyst stage. Sirard et al. defined oocyte developmental competence as the capacity of the oocyte to resume meiosis, cleave after fertilization, help promote embryonic development and implantation, and bring a pregnancy to term in good health [1] . Hence, results of the current and previous studies suggest a requirement of JY-1 for bovine oocyte competence, and   FIG. 4 . Effect of supplementation with rJY-1 protein during oocyte culture on JY-1 siRNA-induced reduction in nuclear maturation and embryonic development following IVF. Cumulus enclosed GV-stage oocytes were microinjected with JY-1 siRNA, with negative control siRNA, or served as uninjected controls. JY-1 siRNA-injected oocytes were cultured in the presence of increasing concentrations of rJY-1 protein (0, 0.1, 0.5, 1, 10 ng/ml) for 72 h and (A) proportion of oocytes progressing to metaphase II were determined (n ¼ 10 oocytes per treatment; n ¼ 6 replicates). After fertilization, (B) the proportion of oocytes undergoing early cleavage (30 hpi), (C) total cleavage rates (48 hpi), and (D) percent development to the 8-to 16-cell stage (72 hpi) and (E) blastocyst stage (7 days postinsemination) were determined for each treatment group (n ¼ 20 oocytes per treatment; n ¼ 5 replicates). Data are expressed as mean 6 SEM. Different letters denote statistical significance (a, b, c; P , 0.05).
JY-1 REGULATION OF OOCYTE COMPETENCE
provide clear implications for understanding the genetic and physiological regulation of follicular development and early embryogenesis in cattle. Recent identification of genetic polymorphisms of the JY-1 gene associated with fertility traits in cattle [11, 12] supports potential relevance of the JY-1 gene to fertility in vivo. Further insight into regulation of JY-1 expression/activity and function has broad general implications for understanding regulation of follicular development, oocyte maturation, and early embryonic development, and potential improvements in assisted reproductive technologies in cattle.
